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Coastal lagoons are considered among the marine habitats with the highest biological
productivity, and support a great variety of human activities and pressures that make
them especially vulnerable to trophic imbalances. While dystrophic crises are common
in many lagoons, others like the Mar Menor show homeostatic mechanisms, high
resilience, and clear waters. This paper analyses the water column descriptors dynamic
during the last 22 years in this coastal lagoon, in the context of a eutrophication
process produced by an increase in nutrient inputs, mainly derived from agriculture.
Despite water column nitrate concentration increased by one order of magnitude,
the lagoon maintained homeostatic regulation for two decades, keeping the water
transparency and relatively low levels of nutrients and chlorophyll a (Prebreak phase),
followed by a sudden change of state in 2016 with an abrupt increase in average
nutrients and chlorophyll a concentration and loss of water transparency (Break phase),
and a relatively rapid recovery after the reduction of nutrient discharges (Recovery
phase). The activation of the regulation mechanisms seems to manifest through an
ammonium production in the water column, as a consequence of the activity in the
trophic web. The low correlation between chlorophyll a and nutrients concentration,
mainly at small spatio-temporal scales, is in disagreement with eutrophication traditional
models, and suggests a rapid response of primary producers to nutrient inputs and
a zooplankton control in the short-term, which in turn is controlled by the rest of the
trophic web components. Homeostatic properties that in the Mar Menor lagoon have
provided resistance to eutrophication are based on several mechanisms: channeling
its production toward the benthic system (maintaining high biomasses of primary
producers, filter feeders, and detritivores), a top-down control of the pelagic trophic
web exerted by ichthyoplankton and jellyfish, and exporting surplus production outside
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the system. Resilience of the system would be based on the high turnover in the
species composition related to the restricted connectivity to the sea, the spatio-temporal
variability of the environmental conditions, and the multiplicity of spatial–temporal scales
involved in lagoon processes. TRIX index was sensitive to the trophic and water quality
changes. However, in our study, its current score does not allow to anticipate or alert
the eutrophication risk and the trophic breakpoint of the system.
Keywords: coastal lagoons, transitional ecosystems, Mar Menor, eutrophication, resistance, resilience, recovery,
oligotrophication
INTRODUCTION
Eutrophication is among the main problems affecting the
integrity and health status of coastal marine ecosystems.
It is a process that, beyond causing contamination by
nutrients or an increase of organic matter supply which
enhance primary production of the ecosystem (European
Environment Agency [EEA], 2001), represents a fundamental
change in the energetic base of the same (Nixon, 2009).
This may propagate through the system in various ways
and produce a great variety of changes in the structure
and dynamic of the ecosystem (Likens, 1972; Nixon,
1995, 2009; Gamito et al., 2005; Ferreira et al., 2011;
Desmit et al., 2018).
In general, the eutrophication process leads to the progressive
replacement of seagrasses and slow-growing macroalgae by
fast-growing macroalgae and phytoplankton, with the final
dominance of the latter at high nutrient loads (Gamito et al.,
2005). When eutrophication is chronic, the effects include
hypoxia events, chlorophyll and toxic algal blooms, foam events,
nutrient imbalances, the massive death of benthic animals, and
changes in species patterns and even in community structure
(Desmit et al., 2018). Frequently, once the negative effects of
eutrophication emerge, it is very difficult to stop or revert
the process, and subsequent delivery of nutrients from bottom
sediments may prolong it for years (Nienhuis, 1992; Duarte et al.,
2013; McCrackin et al., 2016).
Under these conditions, periods of high photoautotrophic
activity and accumulation of labile organic matter can be
followed by heterotrophic phases with a strong imbalance of
oxygen metabolism, leading to pulsed oxygen fluctuations from
supersaturation to anoxia (D’Avanzo et al., 1996; Viaroli et al.,
2001; Viaroli and Christian, 2003). These changes in trophic
status can occur both at seasonal and daily time scales.
Coastal lagoons are especially vulnerable to suffer from the
eutrophication process (Ménesguen and Lacroix, 2018). They
are transitional ecosystems between proper transitional waters
sensu EU Water Framework Directive (WFD) and coastal waters
(Pérez-Ruzafa et al., 2011a) characterized by being shallow,
relatively isolated from the sea, and with strong physical–
chemical gradients in a constricted space (UNESCO, 1981;
Tagliapietra et al., 2009; Pérez-Ruzafa et al., 2011b). These
characteristics cause them to be among the marine habitats with
the highest biological productivity (Alongi, 1998; Kennish and
Paerl, 2010). They play an important ecological role by offering
a variety of habitat types for many species, giving shelter to an
important biodiversity (European Environment Agency [EEA],
2010; De Wit, 2011), and functioning as nursery areas and
feeding grounds for many marine fishes and crustaceans that
migrate from the sea to grow inside the lagoon, returning to the
open sea for their reproduction (Yañez-Arancibia and Nugent,
1977; Clark, 1998; Vasconcelos et al., 2011). At the same time,
they also generate an important number of other less evident,
but with a high ecological value, ecosystem services such as
flood control, the prevention of seawater intrusion, groundwater
recharge, shoreline stabilization, storm protection, the retention
and export of sediment and nutrients, the mitigation of
climate change, water purification, or acting as reservoirs of
genetic or species biodiversity. This translates into a remarkable
socioeconomic role by providing a significative set of societal
goods and benefits (Barbier et al., 1997; Ramsar Convention and
Secretariat, 2006; Anthony et al., 2009; Pérez-Ruzafa et al., 2011b,
2019b; Basset et al., 2013; Barbier, 2015; Newton et al., 2018;
Velasco et al., 2018).
Humans take advantage of the potential of coastal lagoons by
developing important fishing and aquaculture activities that often
coexist with other uses like tourism, nautical sports, swimming
activities, saltworks, or medicinal uses (Pérez-Ruzafa et al., 2009,
2011c). But at the same time, and as a consequence of these
characteristics, these natural systems are subject to a great
variety of strains and transformations, human activities, and
management actions (Pérez-Ruzafa et al., 2005b, 2009; Velasco
et al., 2018). These pressures mainly have to do with the uses
developed in the drainage basin of the lagoons, with special
reference to agricultural uses, the extractive and tourist activities
that take place in them, shore modifications and coastal works,
the adaptation and maintenance of beaches and infrastructures
and, more recently, with the potential effects of climate change.
All of them involve energy inputs or alterations in the form of
nutrients or organic matter inputs, resuspension of sediments,
hydrodynamic modifications, disturbance of water balances and
physical–chemical gradients, among others, facilitating in the last
instance the process of eutrophication.
This makes eutrophication and dystrophic crises common
threats in coastal lagoons, as widely described in literature
(Amanieu et al., 1975; Boutiere et al., 1982; Reyes and Merino,
1991; Ferrari et al., 1993; Sfriso et al., 1995; Boynton et al.,
1996; Viaroli et al., 1996, 2008, 2015; Giordani et al., 1997,
2009; Guyoneaud et al., 1998; Taylor et al., 1999; Bachelet
et al., 2000; Lenzi et al., 2003, 2010; Newton et al., 2003;
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Sakka Hlaili et al., 2007; Specchiulli et al., 2009; Giusti et al., 2010;
Solidoro et al., 2010; Facca et al., 2014; Kralj et al., 2016; Leruste
et al., 2016; Martelloni et al., 2016; Rodríguez-Gallego et al., 2017;
Vybernaite-Lubiene et al., 2017; Ménesguen and Lacroix, 2018).
However, despite this assumed vulnerability, the
geomorphologic and ecological characteristics of coastal
lagoons seem to allow them to develop more complex responses
to nutrient inputs and eutrophication processes than those
observed in other coastal aquatic ecosystems, such as bays or
estuaries (Kjerfve and Magill, 1989; Taylor et al., 1999; Pérez-
Ruzafa et al., 2002, 2011b). During the last decades, the Mar
Menor has resisted to high nutrient loads, after the change
in agricultural practices in its watershed in the early 1990s,
without showing clear eutrophication symptoms in its water
descriptors (Pérez-Ruzafa et al., 2002, 2005a; Salas et al., 2008).
This resistance came suddenly to a halt in 2016, when an evident
change in the quality of the waters was recorded, that caused
high social concern and alarm with a strong impact on social
media and with important socioeconomic consequences (Limón,
2016). In this paper, we analyze the evolution, behavior, and
relationships of the main descriptors of the water quality in the
Mar Menor during the eutrophication process, the sudden break
of its ecological equilibrium, and the deterioration of its water
quality, and its recovery after the interruption of the nutrient
discharges into the lagoon.
MATERIALS AND METHODS
Study Area
The Mar Menor is a choked coastal lagoon located in SE Spain, a
semi-arid region of the SW Mediterranean (Figure 1). The mean
annual rainfall in the area is less than 300 mm/year, and potential
evapotranspiration is close to 900 mm/year (López Bermúdez
et al., 1981). So, the net hydric balance attained an annual deficit
above 600 mm/year (Pérez-Ruzafa et al., 2005a).
Traditionally, the Mar Menor has been markedly oligotrophic,
its main distinctive feature being the transparency of its waters
compared to the great majority of coastal lagoons. The primary
production was mainly benthic, based on microphytobenthos
and on the phanerogam Cymodocea nodosa (Ucria) Ascherson
(1870) as the main macrophyte. After the enlarging of one of its
inlets (El Estacio) in 1973, benthic vegetation evolved toward a
C. nodosa–Caulerpa prolifera (Forsskål) J.V. Lamouroux, 1809
mixed bed, with a biomass of approximately 280 gDW/m2
(Pérez-Ruzafa, 1989; Pérez-Ruzafa et al., 1989; Terrados and
Ros, 1991). This high benthic biomass contrasted with the
low phytoplankton density (Ros and Miracle, 1984) and water
oligotrophy (Gilabert, 2001a). It was estimated that 63.18%
of the total primary production of the lagoon was due to
C. prolifera, 0.42% to C. nodosa, 0.24% to photophilic algae,
11.62% to microphytobenthos, and 24.53% to phytoplankton
(Terrados and Ros, 1991).
Despite the existence of more than 20 cataclinal watercourses
in its watershed, traditionally, none of them maintained a
permanent flow toward the lagoon, conditioned by a sporadic
and torrential rainfall regime (Figure 1). However, since the early
1990s, after changes in agricultural practices from dry farming
to irrigation and related phreatic rising, the main collector in
the drainage basin, the Albujón watercourse, has maintained
a regular flux of water (Pérez-Ruzafa and Aragón, 2002). This
watercourse is about 40 km long, draining an area of 556 km2.
The flow of El Albujón was estimated to be around 0.02 m3/s
at about 4 km from its mouth, reaching up to 10.5 m3/s
during a typical storm event (return period of 5.75 years)
(García-Pintado et al., 2007). The load of nutrients that flow
down the watercourses toward the lagoon shows some temporal
pattern, with the highest contents of nitrates (>200 mg NO−3 /L)
and ammonium (>30 mg NH+4 /L) in periods of maximum
agricultural activities and of phosphorus (>10 mg PO3−4 /L) in
summer season (Álvarez-Rogel et al., 2006).
As a result of the progressive increase in nutrient inputs,
the trophic status changed from oligotrophic to eutrophic.
Consequently, the assemblages dominated by small flagellates
(Rhodomonas spp. and Cryptomonas spp.) in winter, and diatoms
and dinoflagellates from spring to autumn, were replaced
by assemblages constituted by large diatoms (Coscinodiscus
spp. and Asterionella spp.) present throughout the year, but
still maintaining low phytoplankton biomass and without any
significant increase in chlorophyll a concentration (Pérez-Ruzafa
et al., 2002). The maintenance of good water quality was due to
the proliferation, since 1995, of the jellyfish Rhizostoma pulmo
(Macri, 1778) and Cotylorhiza tuberculata (Macri, 1778), whose
population was estimated at 40 million individuals, exerting
a top-down control of the trophic web (Pérez-Ruzafa et al.,
2002). This situation had remained relatively stable for 20 years,
when a change in the water quality occurred that became
particularly evident, even at social level, in the spring of 2016.
The water column became dominated by dense populations
of Synechococcus spp., and the depth of visibility in the water
column was reduced from around 6 m to less than 0.5 m, whereby
the compensation depth was above the average depth of the
lagoon (4.5 m), leading to the mortality of the C. prolifera–
C. nodosa mixed meadows located at more than 2 m depth
(Pérez-Ruzafa et al., 2018).
Sampling Design
Spatial and temporal variations of hydrological conditions,
nutrients, and chlorophyll a concentration in the Mar Menor
lagoon have been analyzed in different projects over the last
22 years, using a sampling stations network that spatially covered
the lagoon and following the same protocols (Figure 1). In 1997,
weekly surveys were conducted from February to December,
while bi-monthly surveys were carried out from May 2002 to May
2003, from February 2006 to September 2013, and from February
2016 to November 2018. According to the terrestrial and marine
influence, 20 sampling stations were established in the lagoon,
grouped into five zones, so that each zone was represented by four
replicate sampling units. Since 2009 eight new sampling stations
were added, three in the inner mouth of the lagoon inlets and
five in the Mediterranean. More water samples have been also
obtained in the framework of the different projects. In total, 5780
water samples have been taken during this period.
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FIGURE 1 | Location of the Mar Menor, its drainage basin that is delimited by the mountain ranges that extend along the north, west, and south limits of the image,
and the main watercourses that flow into the lagoon. Points represent the network of sampling stations used in the monitoring studies.
Water samples were taken at an approximate depth of 1 m,
by pumping or using a Niskin bottle, kept in the dark at 4◦C
in the field and stored at −28◦C. Nitrate (N-NO−3 ), nitrite (N-
NO−2 ), ammonium (N-NH
+
4 ), phosphate (P-PO
3−
4 ), and silicate
(Si-SiO4−4 ) were determined following the methods described by
Parsons et al. (1984) and using a continuous flow autoanalyzer
(SYSTEA µMAC-1000 and SEAL AutoAnalyzer 3 with a JASCO
Fluorescence detector FP-2020 Plus). In 1997, salinity was
determined with a Beckman RS 7B salinometer and chlorophyll a
was analyzed with the spectrophotometric methods reported by
Parsons et al. (1984) in all sampling stations. Since 2002–2003,
in situ determinations of salinity, temperature, dissolved oxygen,
and chlorophyll a were performed using a WTW Multiline
F/Set3 multiple probe, and since 2016 a YSI 6600 multiparameter
probe was used including also turbidity measures. Samples
for chlorophyll a analysis, following Parsons et al. (1984)
spectrophotometric methods, were maintained in nine sampling
stations during each campaign for the calibration of probe data.
The field campaigns for ichthyoplankton composition studies
were carried out using a 500 µm-mesh net equipped with a
digital flowmeter (General Oceanics 2030) fixed to the mouth
to calculate the volume of filtered water. The methodology is
described in detail in Pérez-Ruzafa et al. (2004, 2005a).
Data Analysis
Two matrices have been built, one with the data of all the
sampling locations in each campaign (complete matrix) and
the other averaging all sampling stations in each campaign
(campaigns’ matrix). In both cases, the localities of the
Mediterranean, outside the lagoon, have been excluded.
Meteorological variables (global radiation, rainfall, and wind
speed), obtained from the Spanish Meteorological Agency at
the San Javier station on the Mar Menor coast, were added
to the campaigns’ matrix. Climatic data, obtained with hourly
resolution, were averaged per each sampling day and for the
week prior to it.
Relationships between the hydrological, meteorological, and
trophic variables were tested using Pearson’s correlation.
Temporal differences throughout the process of eutrophication
have been analyzed using a permutational multivariate analysis
of the variance (PERMANOVA) (Anderson, 2001, 2005),
considering three factors: Trophic status phase, Year, and
Season. Trophic status phase was considered fixed with three
levels, Prebreak from January 2010 to June 2012, Break from
February 2016 to December 2017, and Recovery from January
2018 to November 2018. Year and Season were considered
randomly, nested in Trophic status phase. By using permutations,
the test does not require specific assumption concerning
the number of variables or the nature of their individual
distributions or correlations (Anderson, 2001). A random
subset of 9999 permutations was used. Data were previously
normalized and the analyses were performed on the campaigns’
matrix, using the Primer 6.1 package. Euclidean distances
were used for the similarity matrix. Significant terms were
investigated using a posteriori pairwise comparison with
Frontiers in Marine Science | www.frontiersin.org 4 February 2019 | Volume 6 | Article 26
fmars-06-00026 February 7, 2019 Time: 19:51 # 5
Pérez-Ruzafa et al. Eutrophication: Homeostasis, Sudden Break, and Recovery
the PERMANOVA t-statistic and 9999 permutations. The
contribution of each variable to average differences between
factor levels was examined using Similarity percentage analysis
(SIMPER) (Clarke et al., 2014).
Relationships among the considered variables and patterns
during the eutrophication process were analyzed using a principal
component analysis (PCA) and a multidimensional scaling
analysis (MDS), using the campaigns’ matrix after square
root and log(x+1) transformation of the environmental and
ichthyoplankton variables, respectively.
The best linear model accounting for the observed variation
of chlorophyll a and water transparency was analyzed using
multiple linear regression models (GLM) with stepwise forward
selection of variables (using P < 0.05 as the inclusion criterion)
performed on the complete matrix.
As a standard reference for the evolution of ecological status
in the water column, TRIX index was calculated for each sample
according to the algorithm of Vollenweider et al. (1998) and
compared with Secchi disc transparency data.
Trophic Index = 1/2 [log (Chl a + DIN + P − PO3−4 ) + 1.5]
where DIN = N-NO−3 + N-NO−2 + N-NH+4 .
RESULTS
Meteorological and Hydrographic
Conditions
The Mar Menor area is characterized by high global irradiation.
In the three studied phases (Prebreak, Break, and Recovery),
it showed the minima seasonal average of daily global
irradiation in autumn, ranging between 3062.51 ± 174.81
and 3806.61 ± 272.18 wats/m2, and the maxima in spring
and summer ranging between 6387.78 ± 421.33 and
7471.46 ± 291.74 wats/m2. On the contrary, rainfall is very low
and usually concentrates in short intense rain events. Cumulated
rainfall in the week previous to sampling days ranged between
0.18 ± 0.10 L/m2 in spring and 39.66 ± 32.81 L/m2 in autumn,
both in the Break phase (Table 1). However, some sporadic peaks
reached 100 or >200 L/m2 in 1 week, such as the event that
occurred in September 2009 and December 2016 (Figure 2).
Water temperature showed a quite regular seasonal and
interannual cycle (Figure 3). The minima seasonal average
water temperatures were reached in winter, ranging between
12.78± 0.14 and 13.65± 0.09◦C in the three periods considered,
while the maxima were reached in summer, ranging between
27.99± 0.04 and 28.4± 0.09◦C. Salinity showed, however, a very
heterogeneous temporal dynamic (Figure 3), ranging between
41.48± 0.15 in winter and 45.23± 0.16 in autumn (Table 2).
PERMANOVA analyses performed on meteorological
and hydrographic (salinity and temperature) data on the
campaigns’ matrix showed no significant differences in climatic
or hydrographical conditions between the three trophic
status phases, but with significant interannual and seasonal
variability (Table 3).
SIMPER analyses showed that the main differences between
pairs of years were determined by the Maximum wind speed and
Rainfall. The latter mainly determining the differences between
2007, 2008, and 2009. At the same time, high rainfall and low
salinity determined the differences between 2010, 2011, and 2016
with respect to the remaining years. Although low salinity is
usually associated with rainfall, in the case of Mar Menor it can
also be determined by the Albujón watercourse wastes coming
from irrigation, that are usually more intense in dry periods.
Furthermore, the surplus of rain and irrigation recharges the
phreatic, producing subsurface discharges in the coastal areas of
the lagoon. This takes place with a temporary delay with respect
to the rains and can last for long periods of time. That was the case
TABLE 1 | Seasonal average of the main climatic variables measured for the previous week and the day of sampling in the Mar Menor area in the three periods
considered for the eutrophication process in the lagoon.
Daily global
radiation (wats/m2)
Prev. week total
global radiation
(wats/m2)
Daily
rainfall
(mm)
Prev. week total
rainfall (mm)
Daily mean wind
velocity (m/s)
Daily max. wind
velocity (m/s)
Prev. week mean
wind velocity
(m/s)
Prebreak
Winter 3526.74 ± 208.83 22, 543.22 ± 1133.04 0.05 ± 0.03 6.59 ± 2.08 2.83 ± 0.19 5.77 ± 0.38 3.57 ± 0.13
Spring 6429.4 ± 200.55 44, 405.24 ± 1117.16 0.47 ± 0.31 5.19 ± 1.27 3.38 ± 0.13 6.98 ± 0.24 3.89 ± 0.11
Summer 6778.06 ± 165.27 47,860.13 ± 801.96 0.5 ± 0.29 2.57 ± 1.20 3.37 ± 0.13 6.64 ± 0.26 3.71 ± 0.07
Autumn 3062.51 ± 174.81 22,987.85 ± 960.59 0.69 ± 0.36 12.63 ± 3.40 3.05 ± 0.18 6.21 ± 0.31 3.37 ± 0.12
Break
Winter 3787.63 ± 273.46 21,915.15 ± 1757.90 0.11 ± 0.09 9.52 ± 5.58 3.9 ± 0.48 7.7 ± 0.82 4.51 ± 0.42
Spring 7471.46 ± 291.74 49,540.66 ± 2826.61 0.06 ± 0.05 0.18 ± 0.10 3.83 ± 0.56 6.84 ± 0.45 4.51 ± 0.37
Summer 6387.78 ± 421.33 47,639.44 ± 2295.41 2.18 ± 1.65 4. ± 2.58 3.67 ± 0.40 6.87 ± 0.50 3.62 ± 0.18
Autumn 3153.17 ± 634.63 21, 002.78 ± 3937.01 4.15 ± 3.96 39.66 ± 32.81 3.61 ± 0.44 5.95 ± 0.60 3.32 ± 0.26
Recovery
Winter 4664.81 ± 589.93 25, 165.74 ± 2278.80 0.22 ± 0.21 6.61 ± 2.97 3.78 ± 0.33 6.73 ± 0.52 3.86 ± 0.30
Spring 7207.78 ± 173.55 46, 212.5 ± 1439.60 0.11 ± 0.08 3.38 ± 1.14 3.77 ± 0.22 7.06 ± 0.47 4.9 ± 0.31
Summer 6918.69 ± 350.65 50, 185.61 ± 2337.36 0.02 ± 0.02 0.66 ± 0.61 3.39 ± 0.32 5.99 ± 0.39 3.56 ± 0.20
Autumn 3806.61 ± 272.18 26,532.41 ± 1574.53 0.04 ± 0.04 3.65 ± 1.60 1.93 ± 0.20 5.2 ± 0.19 2.39 ± 0.22
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FIGURE 2 | Evolution of the main meteorological variables during the study period in the Mar Menor area. Prebreak phase is highlighted in green, Break phase in
ochre, and Recovery in light blue.
after the strong rainfall occurred in December 2016 that produced
a decrease in salinity maintained until May 2017 (Figures 2, 3). In
fact, 2017 was characterized by low rainfall but at the same time
low salinity during most of the year.
Trophic Status Variables
Trophic variables and ichthyoplankton assemblages in the
water column showed very irregular patterns with very low
correlation with climatic and hydrological parameters and
between them (Figures 4, 5). The highest significant correlations
were found between dissolved oxygen concentration in mg/L
and irradiation and water temperature (−0.42; P = 0.00 and
−0.64; P = 0.00, respectively), and between chlorophyll a and
silicate (0.40; P = 0.00). Chlorophyll a and ammonium also
showed a moderate correlation (0.40) but not a significant
one (P = 0.43).
While seasonal average nutrient values in the three trophic
phases analyzed showed low-to-moderate concentrations
(Figure 4, Table 2), all nutrients had peaks of greater or lesser
intensity throughout the study period. Seasonal mean values
were lower than 4.23 ± 0.34 µmol/L in the case of nitrate,
0.23 ± 0.01 µmol/L for nitrite, 10.09 ± 0.61 µmol/L for
ammonium, and 0.39 ± 0.04 µmol/L for phosphate. The spatial
distribution of the maximum values of nitrate and chlorophyll a
showed very distinct patterns in the three trophic status phases
(Figure 6). Nitrate reached 145.79 µmol/L in some lagoon
localities in 2006 and up to 263.19 µmol/L close to the Albujón
watercourse, both during the Prebreak period, while maximum
values were always lower than 37.5 µmol/L during Break and
Recovery phases. On the contrary, Chl a reached its maximum
concentration during the Break phase (49.7 µg/L) and its values
were lower than 27 and 13.5 µg/L during Prebreak and Recovery
phases, respectively.
The remaining nutrients also showed distinct patterns
between periods. Nitrites maintained low values. They only
exceeded 2 µmol/L during the Prebreak phase, in eight
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FIGURE 3 | Evolution of the main hydrographic variables during the study period in the Mar Menor lagoon water column. Prebreak phase is highlighted in green,
Break phase in ochre, and Recovery in light blue.
occasions, all of them in November–December 2006 and in
spring and summer of 2007, all in coastal localities, mainly
in the mouth of watercourses, reaching in three occasions
values higher than 5 µmol/L (7.18, 32.97, and 47.61 µmol/L).
The highest values of phosphate were reached early during
the Prebreak period. In 1997, values between 2.20 and
8.74 µmol/L were found in most sampling localities, from
the end of February to the end of April. In July 2002,
still the early Prebreak phase, the highest punctual values of
phosphate were reported, reaching 23.86 and 27.17 µmol/L.
Silicate, on the other hand, reached the highest values during
the Break and the Recovery phases with mean values of
35.04 ± 1.01 and 14.81 ± 0.60 µmol/L, respectively. Its
highest values being at the end of the Break phase, reaching
values frequently higher than 100 and up to 133.61 µmol/L.
Ammonium reached values higher than 30 µmol/L only in two
occasions, 40.42 and 44.63 µmol/L, in March and July 2007,
respectively, close to the mouth of the Albujón watercourse
during the Prebreak phase. However, it reached values between
30.35 and 37.25 µmol/L in several occasions in the inner
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02 TABLE 3 | Results of PERMANOVA analyses for the meteorological and
hydrographic conditions, considering the factors Trophic status phase (Ts), Year
(Ye), and Season (Se).
Source df SS MS Pseudo-F P(perm)
Ts 2 43.819 21.91 0.49312 0.9516
Ye(Ts) 10 163.55 16.355 1.8702 0.0085
se(Ts) 8 556.49 69.561 7.7759 0.0001
Ye(Ts) × Se(Ts)∗∗ 28 251.91 8.9966 1.2966 0.0554
Res 253 1755.5 6.9387
Total 301 3010
Bold figures represent significant values (P < 0.05).
lagoon localities in April, July, and August of 2017, during
the Break period.
PERMANOVA analyses performed on the trophic and water
quality variables, using the factors Trophic status phase (Ts)
as a fixed factor, and Year and Season nested in Ts, showed
significant differences between years and for the interaction
Year × Season, precluding to detect differences between phases
(Table 4). However, these differences became highly significant
when the analysis was performed considering only the Trophic
status phase factor (Table 5).
MDS analysis performed on the same trophic and water
quality variables from the campaigns’ matrix confirmed this
result and showed the same samples distribution than PCA
in Figure 7. ANOSIM analyses also confirmed significant
differences between all pairwise comparisons of Trophic status
phases (P < 0.003).
Factors Explaining Chlorophyll a
Concentration in the Water Column and
Trophic Characterization of Trophic
Status Phases
Multiple regression analyses with forward selection of variables
showed that there is a low percentage of chlorophyll a
concentration variance that is explained by meteorological,
hydrological, or nutrient variables. This implies that there are
other factors that determine the concentration of chlorophyll
a or, more probably, that there are complex patterns and
temporary lags in the response of chlorophyll a to them.
This analysis, performed both on campaigns’ and complete
matrices, showed a similar adjusted squared multiple R of
0.29 and 0.30, respectively (Tables 6, 7). The first case
considered the averaged data for the whole lagoon in 151
campaigns carried out over the past 22 years, and the last one
considered the 1324 sampling stations sampled in the same
151 campaigns and excluding the meteorological conditions.
Although in both analyses NO−3 , PO
3−
4 and SiO
4−
4 showed a
positive coefficient, indicating that chlorophyll a tends to increase
with these nutrients, the response is not linear (Figure 8)
and the concentration of chlorophyll increases mainly at low
concentrations, but tends to decrease at higher concentrations
of them. Ammonium produced the contrary pattern effect
on chlorophyll a concentration. Chlorophyll a decreases when
increasing ammonium at low concentrations, but tends to
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FIGURE 4 | Evolution of the main chemical variables (nitrate, nitrite, ammonium, phosphate, and silicate) and chlorophyll a concentration characterizing the trophic
status during the study period in the Mar Menor lagoon water column. Prebreak phase is highlighted in green, Break phase in ochre, and Recovery in light blue.
increase when this nutrient reached concentrations higher than
25 µmol/L. In fact, in the case of campaigns’ matrix, dissolved
inorganic nitrogen (DIN) showed a negative, but not significant,
coefficient, probably due to the influence of NH+4 which in
the complete matrix analyses was selected with a significant
negative coefficient.
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FIGURE 5 | Evolution of the total abundance and species richness of ichthyoplankton assemblages during the study period in the Mar Menor lagoon. Prebreak
phase is highlighted in green, Break phase in ochre, and Recovery in light blue.
FIGURE 6 | Spatial distribution of the maximum values of nitrate and chlorophyll a reached in the three trophic status phases considered: (A, D) Prebreak; (B, E)
Break; and (C, F) Recovery.
These complex patterns are consistent with trophic
web regulations on chlorophyll a and suggests that
zooplankton produces ammonium at while grazing
on phytoplankton. However, when nitrate is low and
the production of ammonium is high during the
Recovery phase, the phytoplankton can grow using this
last nutrient.
Regarding meteorological and hydrographical conditions
affecting chlorophyll a concentration in the water column,
only the average wind speed of the day of sampling showed
positive influence, while maximum wind speed in the same day
showed negative coefficient. This implies that while a moderate
and sustained agitation of the water column favors planktonic
primary production, wind storms produce the opposite effect.
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TABLE 4 | Results of PERMANOVA analyses for the trophic variables considering
the factors Trophic status phase (Ts), Year (Ye), and Season (Se).
Source df SS MS Pseudo-F P (perm)
Ts 2 170.51 85.256 1.6183 0.1317
Ye(Ts) 3 114.64 38.212 2.8103 0.0122
Se(Ts) 8 157.18 19.647 1.1592 0.3331
Ye(Ts) × Se(Ts) 8 121.3 15.162 2.8381 0.0001
Res 110 587.65 5.3422
Total 131 1441
Bold figures represent significant values (P < 0.05).
TABLE 5 | Results of PERMANOVA analyses for the meteorological and
hydrographic conditions considering the factors Trophic status phase (Ts).
Source df SS MS Pseudo-F P (perm)
Ts 2 345.41 172.7 20.335 0.0001
Res 129 1095.6 8.493
Total 131 1441
Pair-wise tests
Term “Ts”
Groups t P(perm)
Prebreak, Break 5.9607 0.0001
Prebreak, Recovery 2.769 0.0001
Break, Recovery 3.0557 0.0001
Bold figures represent significant values (P < 0.05).
At the scale of localities, only salinity and turbidity showed
a significant positive relationship with chlorophyll a. In the
case of salinity, this is because the maximum chlorophyll
a concentration tends to be higher in the confined areas,
especially in the Break phase. Chlorophyll a shows especially
low values in the areas of direct influence of the watercourses
and El Estacio inlet, in which the salinity is low due to the
inputs of fresh and less salty Mediterranean waters, respectively
(Figures 6D–F). In the case of turbidity, the positive correlation
can be explained by the direct effect of the chlorophyll itself
on this parameter.
The first two axes of the PCA explain a cumulative 49.87%
of the variance (Figure 7). PC1 axis shows 29.48% and is
related to high water transparency and high ichthyoplankton
species richness and abundance in the positive part, and
high nutrient concentration, mainly SiO4−4 , and Chl a in
the negative one. It clearly separates Break and Prebreak
phases. Recovery samples, being partially overlapping Break
situation, are displaced toward Prebreak conditions, overlapping
them. PC2 axis, showing an additional 20% of the variance,
discriminates mainly winter samples, with situations with higher
DIN, ammonium, and N/P ratios in the positive part and
spring and summer situations with high Chl a and PO3−4 in the
negative one.
The opposite situation of ichthyoplankton richness and
abundance versus chlorophyll a concentration along the PC1
axis suggests a top down control of the trophic web during the
Prebreak and Recovery phases.
FIGURE 7 | Biplot representations of the first two axes of the PCA performed
on the campaigns’ matrix of trophic variables (averaged for the lagoon)
sampled from 1997 to 2018 in the Mar Menor lagoon identifying the trophic
status phase to which they correspond. Ellipses represent 95% confidence
level for samples distribution.
The water column transparency is mainly constrained by Chl
a concentration, that explain up to 55% of Secchi disc visibility
at a given locality. In fact, chlorophyll a is the only variable
selected by the GLM regression model with forward selection
of variables performed using 1188 samples of the complete
matrix (Figure 9A). This percentage increased up to 57% when
considering the campaigns’ matrix.
In summary, Prebreak phase is characterized by high
water transparency, the highest peaks of nitrates and
phosphate and maximum values of nitrate, but also by
the lowest concentrations of silicate, nitrites, ammonium,
and chlorophyll a, despite the high nutrient loads in the
Mar Menor. Break phase was characterized by the highest
average nutrient and chlorophyll a concentration and,
linked to this, the lowest average water transparency and
the highest water extinction coefficient. It also showed the
lowest average oxygen concentration. Finally, the Recovery
phase has involved the lowest concentration of nitrate and
phosphate and an improvement in the other water quality
parameters compared to the Break phase. The activation of
the regulation mechanisms seems to manifest through an
ammonium production in the water column at the end of the
Break phase and low phosphate concentration, probably as a
consequence of the activity of ichthyoplankton and the rest of
the trophic web.
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TABLE 6 | Results of the multiple regression analyses with forward selection of variables performed on the campaigns’ matrix to explain Chl a concentration in the water
column in the Mar Menor lagoon during the last 22 years (1997–2018), using meteorological, hydrographical, and nutrients as independent variables.
Effect Coefficient Standard error Standard coefficient Tolerance t P-Value
Constant 3.925 1.238 0.000 . 3.170 0.002
Meanwind_speed 1.142 0.472 0.294 0.320 2.418 0.017
Maxwin_speed −0.985 0.304 −0.390 0.327 −3.243 0.001
NO3 0.728 0.245 0.244 0.704 2.977 0.003
DIN −0.062 0.076 −0.070 0.631 −0.813 0.418
PO4 7.063 1.880 0.265 0.955 3.756 0.000
SIO4 0.077 0.015 0.398 0.830 5.268 0.000
N = 151, adjusted squared multiple R = 0.29. Bold figures represent significant values (P < 0.05).
TABLE 7 | Results of the multiple regression analyses with forward selection of variables performed on complete matrix of sampling stations to explain Chl a
concentration in the water column in the Mar Menor lagoon during the last 22 years (1997–2018) using meteorological, hydrographical, and nutrients as independent
variables.
Effect Coefficient Standard error Standard coefficient Tolerance t P-Value
Constant −29.047 2.493 0.000 . −11.652 0.000
NO3 0.127 0.051 0.061 0.899 2.512 0.012
NH4 −0.208 0.026 −0.205 0.780 −7.882 0.000
PO4 5.310 0.482 0.258 0.964 11.006 0.000
SIO4 0.022 0.006 0.107 0.688 3.852 0.000
Ta −0.035 0.025 −0.036 0.783 −1.399 0.162
Salinity 0.808 0.061 0.375 0.671 13.344 0.000
Turbidity 0.026 0.006 0.104 0.946 4.409 0.000
N = 1.324 localities sampled in 151 campaigns, adjusted squared multiple R = 0.30. Bold figures represent significant values (P < 0.05).
DISCUSSION
Phases of the Lagoon Eutrophication
Process: Prebreak, Break of Water and
Ecological Quality, and Recovery
Negative ecological and socioeconomic effects of eutrophication
have been well known for a long time (Vollenweider, 1968;
Vollenweider and Kerekes, 1981; United States Environmental
Protection Agency [USEPA], 2001; Bricker et al., 2003; Smith,
2003; Jessen et al., 2015), and the concern for their consequences
is increasing (Ménesguen and Lacroix, 2018). Moreover, recovery
from an eutrophication process is usually difficult and long,
and trajectories of impacted ecosystems tend not to be directly
reversible, failing to return to the reference status even upon
nutrient reduction (Duarte et al., 2008, 2013; Duarte, 2009;
Carstensen et al., 2011; McCrackin et al., 2016).
In the Mar Menor, the process of eutrophication has shown
three well-defined phases of very different duration that we have
been able to observe and characterize (Figure 10).
The start of the process took place in the 1990s due to
an increase in the entry of nutrients linked to the change of
agricultural practices in the lagoon drainage basin (Pérez-Ruzafa
et al., 2002). The comparison between data from 1988, prior
to the start of the eutrophication process, and 1997 data, when
the process was in its early stages with jellyfish proliferations,
showed that the trophic status of the lagoon was changing.
Nitrate concentration increased by one order of magnitude, from
being always lower than 1 µM NO−3 in 1988, to frequently
having values higher than 4–6 µM in 1997, particularly during
spring and summer (just at the harvest time, when the main
irrigations occur in the drainage basin and larger amounts of
fertilizers was used in the lagoon’s watershed) (Pérez-Ruzafa et al.,
2005a). Furthermore, Pérez-Ruzafa et al. (2005a) found that,
while previously to the eutrophication process the nitrate was
mainly entering into the lagoon via runoff, as its concentration
in the water column showed a positive and significant correlation
with accumulated rainfall during the week prior to the sampling
day, this positive relationship was lost during the eutrophication
process, related to agricultural activity. Although peaks in
nutrients inputs occurred, reaching up to 45 µM NO−3 (Pérez-
Ruzafa et al., 2005a), and still took place after runoff events,
this general loss of correlation with rainfall is confirmed in our
present work.
On the other hand, P concentrations suffered a sharp decline
when the eutrophication process started compared with a decade
before. This is explained by the fact that, at the end of 1990, a
sanitation plan for urban wastes was established in the lagoon
watershed, with the construction of a collector network and
water treatment plants. This changed the input regime of this
nutrient, moving from direct urban discards with a strongly
seasonal pattern, associated with tourism and coast occupation
during summer, to an occasional pattern, only when the torrential
rains caused the closure of the wastewater treatment plants
to avoid their overload (Pérez-Ruzafa et al., 2005a). At the
same time, the increase in the nitrate load in the lagoon
led to a shift from N- to P-limitation in primary production,
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FIGURE 8 | Relationship between chlorophyll a concentration and nutrients in
the water column in the Mar Menor lagoon during the eutrophication process
from 1997 to 2018. (A) Regression model using silicate and ammonium as
independent variables. (B) Regression model using phosphate and nitrate as
independent variables.
maintaining phosphorous concentration permanently low due to
its consumption by primary producers.
The highest nitrate concentrations were reached in the springs
of 2006 and 2007 with average values exceeding 15 µmol NO−3 /L,
although the values returned to concentrations under 2 µmol
NO−3 /L during autumn and winter of the same years. The
maximum concentrations of nutrients found in the lagoon water
column at that moment were much lower than those measured
in the runoff waters that discharge into the lagoon that account
for a total input of 219 t N-NO−3 /year, 30 t N-NH
+
4 /year, and
52 t/year of total phosphorous (García-Pintado et al., 2007). This
difference cannot be explained by an effect of dilution or export
to the Mediterranean. The Mar Menor is a choked lagoon with
a Water Renewal Time of 318 days (Umgiesser et al., 2014;
Ghezzo et al., 2015; Pérez-Ruzafa et al., 2019a). Hydrodynamic
models showed that in less than a year the Mar Menor waters
would have reached 100% of the concentration contained in the
Albujón watercourse waters, which during the Prebreak period
represented el 50–60% of total discharges reaching the lagoon
(Pérez-Ruzafa, 2010). Therefore, the difference in concentration
must be largely attributed to nutrient incorporation into trophic
networks through consumption by phytoplankton, macrophytes
and microphytobenthos and the biogeochemical cycles inside the
lagoon. In this way, surprisingly, despite the high inputs and
the nitrate concentration values measured in 2006 and 2007, the
mean concentration of chlorophyll a remained low during all the
Prebreak phase (1.15± 0.02 µg/L) and similar to values recorded
before starting the eutrophication process (1.02 ± 0.16 µg/L)
(Gilabert, 2001b; Pérez-Ruzafa et al., 2005b; Figure 10).
When the nitrates began to enter in greater amounts in the
1990s, the role played by the jellyfish which proliferated at that
time and by the ichthyoplankton resulted in a top-down control
of the pelagic system maintaining the chlorophyll a concentration
low (Pérez-Ruzafa et al., 2002, 2004, 2005a). This, added to the
particular lagoon homeostatic mechanisms showed by the Mar
Menor, stopped the main consequences of the eutrophication
process for more than 20 years. Such mechanisms are based
on (1) a high spatio-temporal hydrographical and biological
heterogeneity (Pérez-Ruzafa et al., 2005a, 2007), induced by
a restricted connectivity with the Mediterranean sea (Pérez-
Ruzafa, 2015; Pérez-Ruzafa et al., 2018, 2019a), (2) a high
benthic micro and macrophytes production and filter feeders,
scavengers, and detritivores biomass (Pérez-Ruzafa, 1989), and
(3) the accumulation of excess production in the sediments or its
export out of the system through fisheries and migratory species
(Pérez-Ruzafa et al., 2018).
Although some lesser events had already occurred in 2009 and
2010 with chlorophyll peaks exceeding 5µg/L, the eutrophication
crisis and Break phase became evident in 2016 with the sudden
increase in chlorophyll a concentration and the generalized
loss of water quality in the whole lagoon. During this Break
phase, mean chlorophyll a concentration was 7.79 ± 0.22 µg/L,
exceeding frequently 10 µg/L.
This translated in a drastic increase of the light extinction
coefficient, reaching during the Break phase an average value of
1.24 ± 0.02 /m, that led to the loss of 81% of the macrophyte
meadows below 2 m depth compared to the areas estimated in
2008 and 2014 (Pérez-Ruzafa et al., 2012; Belando et al., 2017).
This produced a strong social concern and political sensitivity
(Limón, 2016) that resulted in the adoption of urgent measures
to stop spills of agricultural origin.
According to reported data (Esamur, 2018), from April 2017
to October 2018, the average flow to the Mar Menor through the
Albujón water course was reduced to 5.89 ± 1.32 L/s and a load
of 38.76 t NO−3 /year, representing a reduction of about 97.55% of
the flow and 82.3% of nitrate loads regarding the Prebreak and
Break periods (García-Pintado et al., 2007; Pérez-Ruzafa, 2010).
At the end of the Recovery phase, mean chlorophyll
a concentration was back to levels lower than 2 µg/L
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FIGURE 9 | (A) Relationship between water column transparency measured by Secchi disc visibility depth and chlorophyll a concentration at each locality during the
studied period (1997–2018); (B) relationship between TRIX trophic index and water column transparency using the same samples than in B. The color of the points
represents the phase of the trophic state to which they belong. The red line corresponds to the regression model that best fits all the data. In figure B, the colored
lines correspond to the linear regression considering the points belonging, respectively, to each of the phases of the trophic state.
(0.94± 0.04µg/L in the last sampled season, Autumn 2018, when
light extinction coefficient was 0.42± 0.02 /m).
The start of regulation mechanisms in the trophic web,
both precluding the chlorophyll a proliferation in 2009 and
2010, and helping the system recover after the 2016 crises,
seems to manifest through an ammonium production in the
water column, probably as a consequence of the activity of
the herbivores and the highest levels of the trophic web. In
fact, during the eutrophication process, fishing yields tended to
increase in the Mar Menor (Marcos et al., 2015).
The climatic conditions, so far, have not had a major
influence on the overall process. Although there are seasonal
and inter-annual significant differences in the meteorological
and hydrographic parameters, these do not show significant
differences between the Prebreak, Break, and Recovery phases
of the eutrophication process. Only mean wind velocity in
the sampling day had some positive influence on chlorophyll
a concentration while wind reaching 15–25 m/s has negative
influence. The low or negative relationship between chlorophyll
a and nutrients concentration, mainly at small spatio-temporal
scales and high nutrient concentrations, is in disagreement
with the traditional eutrophication models in which a positive
response of chlorophyll a concentration is expected when
nutrient concentration increases. This suggests the existence of
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FIGURE 10 | Synthesis of the evolution of the three phases of the eutrophication process in the Mar Menor lagoon and main changes occurred in the system during
them.
complex patterns and regulatory mechanisms as proposed by
Cloern (2001) or Nixon et al. (2001).
Detecting Eutrophication in Coastal
Lagoons
The use of indicators of ecological status in coastal lagoons faces
several difficulties. As they are subject to frequent environmental
fluctuations and extreme conditions, their functioning in pristine
conditions may resemble that of systems under anthropic
pressure. Therefore, they are expected to be dominated by
opportunistic and r strategist species, giving rise to what has
been called the “estuarine quality paradox” (Dauvin, 2007; Elliott
and Quintino, 2007; Dauvin and Ruellet, 2009). In any case,
this approach for estuaries may not be fully applicable in coastal
lagoons (Pérez-Ruzafa et al., 2011b,c, 2013). At the same time,
the dynamics of chlorophyll a and nutrients in coastal lagoons
can show a high spatio-temporal variability that depends on the
observation scale, with a significant space× time interaction and
with frequent lags, which complicates the design of sampling
programs (Pérez-Ruzafa et al., 2005a, 2007).
Furthermore, these ecosystems show a higher than expected
homeostatic capability, showing frequently negative or complex
relationships between chlorophyll a concentration and nutrients.
So, it has already been established that, contrary to freshwater
ecosystems, nutrient concentration is not a good indicator
of eutrophication in coastal lagoons, and the same would
happen for estuaries and marine coastal areas (Cloern, 2001;
Nixon et al., 2001; Boesch, 2002; Bricker et al., 2003;
Pérez-Ruzafa et al., 2005a).
This makes it essential to find indicators that detect the
critical points of the eutrophication process: (1) in the phases
in which the ecosystem is subject to pressures but the
functioning of homeostatic mechanisms prevents finding evident
deviations in traditional indicators like nutrients or chlorophyll
a concentration and (2) in the vicinity of the break points, before
the whole system shifts to an alternative steady state and therefore
it would be too late to take management measures (Ferreira et al.,
2011; Pérez-Ruzafa and Marcos, 2015; Pérez-Ruzafa et al., 2018).
The TRIX index, proposed by Vollenweider et al. (1998),
is widely used as an indicator of eutrophication. According to
Giovanardi and Vollenweider (2004) and Penna et al. (2004),
values ranging from 0 to 4 correspond to high-quality, 4–5
to good, 5–6 to moderate, and 6–10 to degraded conditions.
Following these authors, values lower than 4 TRIX units are
instead associated with scarcely productive coastal waters, while
values lower than 3 are usually found in the open sea. In our
work, although this index showed a negative relationship with
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water transparency (Figure 9B), from 3363 sampling data during
the three phases of the eutrophication process, only four samples
showed values higher than 4 (ranging between 4.11 and 4.16),
therefore indicating high water quality in all the lagoon during
the period considered. These highest values were reached in
November 2016, just after the starting of the Break phase. This
is evidence that, according to the current score scale, it was not
able to detect the pressures during the previous 20 years (Salas
et al., 2008) nor to anticipate the break point.
Factors of Risk, Resistance, and Resilience to
Eutrophication in Coastal Lagoons
Extended shallow enclosed water bodies that have long water
residence times are often mentioned among the ecosystems
with the highest risk to suffer eutrophication processes (Ferreira
et al., 2011). Coastal lagoons have these exact characteristics.
In addition, they tend to have multiple and intense freshwater
influences, directly through rivers, watercourses, or surface
runoff and by direct or indirect anthropic discharges, without
forgetting the possible influence of groundwater, which may be
especially important in many lagoons as a promoting and/or
mitigating agent (Jiménez-Martínez et al., 2016; Erostate et al.,
2018; Rodellas et al., 2018). All these vectors are capable of
transporting nutrients derived from human activity. In addition,
it should be noted that the reduction of salinity can limit the
influence of marine species in the trophic webs and that this
can affect the homeostatic capabilities of the ecosystem (Pérez-
Ruzafa et al., 2011c). Furthermore, it must be taken into account
that freshwater ecosystems usually have positive proportional and
direct responses to the entry of nutrients, increasing quickly their
chlorophyll a concentration (Cloern, 2001; Nixon et al., 2001).
However, some of these risk conditions must be reviewed and
put into the context of the operation of complex systems. The
Mar Menor has a very high water residence time in comparison
with other coastal lagoons (Umgiesser et al., 2014; Ghezzo et al.,
2015). Lagoons like Venice, with an area of 436 km2, have a
water residence time of only 12 days, Curonian in the Baltic
(1584 km2) reaches 152 days, while in the Mar Menor, with
only 136 km2, it reaches 318 days. Despite this, the Mar Menor
traditionally showed a great resistance and resilience to the
process of eutrophication, and it is one of the few lagoons in
which the transparency of the waters is part of its idiosyncrasy
and is one of the key elements of its tourist appeal.
In the Mar Menor lagoon, Pérez-Ruzafa et al. (2005a) already
found that correlations between chlorophyll a concentrations and
environmental variables were in disagreement with traditional
eutrophication models (Vollenweider, 1968; Vollenweider
and Kerekes, 1981; Vollenweider et al., 1998) in which a
positive response of chlorophyll a concentration is expected
when nutrient concentration increases. Relationships between
chlorophyll a and nutrients found in Pérez-Ruzafa et al. (2005a)
were negative when daily data were considered in the analyses.
However, at longer time scales (monthly or seasonal means) or
when the analyses considered time lags, the relationships between
chlorophyll a and nutrients became positive. This suggests a very
rapid response of primary producers to nutrient enrichment in
the short-term (days to week) when phytoplankton consume
and maintain low nutrient concentrations, but framed in a
general context where nutrient inputs favor primary production
and determine chlorophyll concentration and algal biomass
in the long-term.
In the present study, with larger temporal data series,
chlorophyll a showed a general positive relationship with
nitrate and phosphate concentration, but this positive correlation
only happens at very low concentration of these nutrients,
turning this relation to negative at higher concentrations of the
same (Figure 8).
Considering two different years at the start of the
eutrophication process, in the Prebreak phase, Pérez-Ruzafa et al.
(2005a) also found a significant correlation between chlorophyll
a concentration and fish larvae density, suggesting a top-down
control of fish larvae on main planktonic grazers in a seasonal
limit cycle. In the present work, where a longer time period
that includes the three described phases of the eutrophication
process is considered, this relationship becomes antagonist
in the ordination diagrams (Figure 7), linking chlorophyll a
to high nutrient concentrations and low water quality, while
ichthyoplankton is in the opposite part of the first axis, linked to
the highest water quality and transparency.
The lack of relationship between the nutrients input and the
concentration of chlorophyll a in the water column is, more
than an exception, a common situation in coastal lagoons and
shallow coastal habitats (Fitzpatrick and Meyers, 2000; Cloern,
2001; Nixon et al., 2001), where most of the primary production
is carried out by phanerogams, epiphytic algae, drift and
attached macroalgae, and epibenthic microalgae, rather than by
phytoplankton (Nixon et al., 2001). Differences in the response of
chlorophyll a concentration to nutrient loads between freshwater
and estuarine and coastal ecosystems have been attributed to the
higher hydrological complexity (Smith, 2003) and the spatial–
temporal heterogeneity (Pérez-Ruzafa et al., 2005a) of the last
ones. This does not preclude that total system production
increases with nutrient enrichment at very low rates of input, and
that even moderate levels of fertilization negatively affect seagrass
(Nixon et al., 2001), or even that general rules can be applicable in
any case (Smith, 2003). It becomes more evident if the response
of chlorophyll a to nutrients is considered at large temporal scales
(Pérez-Ruzafa et al., 2005a).
The homeostatic regulations that permit the coexistence of
a high productivity and, at the same time, good water quality,
and that provide this resistance in some coastal lagoons to
show the effects of eutrophication, are probably based on two
main mechanisms.
The first mechanism consists of channeling the production
and main fluxes toward the benthic system, maintaining
high biomass of primary producers (including macrophytes,
cyanophycean, and benthic diatoms), filter feeders (sponges,
cnidarians, polychaetes, bivalves, ascidians), and scavengers and
detritivores (gastropods, polychaetes, crustaceans, holothurians)
that remove organic matter and organisms from the water
column and the sediment, exerting a top-down control over
the pelagic community. In fact, it has long been recognized
that filter feeding animals may exert “top down” controls that
sometimes causes some systems to depart from the traditional
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simple eutrophication model maintaining low chlorophyll a
concentration in the water column despite having high loads
of DIN (Carpenter et al., 1987; Meeuwig et al., 1998; Nixon
et al., 2001; Bruschetti et al., 2018). In the Mar Menor lagoon,
during the Prebreak phase, this role was complemented from
the pelagic system by the ichthyoplankton and jellyfish (Pérez-
Ruzafa et al., 2002, 2005a). Furthermore, during the Recovery
phase it has been observed a conspicuous increase in benthic
species like the suspension feeders Filograna implexa (Berkeley,
1835), Branchiomma boholense (Grube, 1878), or Zoobotryon
verticillatum (Delle Chiaje, 1822); the scavengers Hexaplex
trunculus (Linnaeus, 1758) and Cyclope neritea (Linnaeus, 1758);
and detritivorous like Holothuria (Roweothuria) poli (Delle
Chiaje, 1824). Although it would be expected that, despite
these promising results, the recovery of pelagic and benthic
communities will take longer to occur, the fact is that this
recovery had also begun to be evident at the end of our study.
The Caulerpa prolifera meadow has begun to recover on part of
the bottoms from which it had disappeared. Even in the areas that
have not yet been recolonized by C. prolifera, other communities
have settled, such as dense meadows of the new colonizer algae
Dasycladus vermicularis (Scopoli) Krasser 1898, or large areas of
Acetabularia calyculus J.V. Lamouroux, 1824 facies on gravel beds
and sciaphilic communities under the pillars of the piers, which
had almost disappeared from the Mar Menor for decades after the
opening of El Estacio inlet or due to the dredging and dumping
of sand on the beaches before the eutrophication process started
(Supplementary Figure 1).
The second key mechanism is to export the surplus production
outside the system, and this is done through the migration
of numerous species that use the lagoons to grow, then
returning to the open sea for reproduction, and the extraction
of biomass by the aquatic birds and fisheries, the latter
being one of the main human activities in coastal lagoons
over the world taking advantage of these migratory patterns
(Pérez-Ruzafa and Marcos, 2012).
There is a high heterogeneity in the ecosystems’ response
to management actions to reduce eutrophication. Although in
most coastal areas where nutrient inputs have been reduced the
trends are mixed or responses are delayed (Boesch, 2002), in
some coastal lagoons recovery times after cessation of nutrient
inputs may be faster than expected but still responding to
complex behavior at different time scales (Lenzi et al., 2003;
Leruste et al., 2016). Chl a, TN, and TP can decrease strongly
and quickly, while the planktonic community restructuring can
take more time (Leruste et al., 2016). This may depend on
how long the lagoon has been under eutrophic conditions.
Coastal lagoons are spatially and temporally heterogeneous
environments and their populations depend on colonization rates
from the open sea through communication channels (Pérez-
Ruzafa and Marcos, 1992, 1993). This is confirmed by the low rate
of repetition of species when comparing lagoons (Basset et al.,
2006; Pérez-Ruzafa et al., 2011c) and even in the composition
of the species of the same lagoon. The evidence shows that
the lagoon assemblages, both planktonic and benthic, change
their species composition from one year to the next by 40–50%
(Sigovini, 2011; Quispe, 2014). This confers a great resilience
to the ecosystem if the key species that constitute the fixed
elements have not disappeared completely during a too long
stress process, as species colonizing each year have not suffered
the environmental stress of previous years. In this context, the
spatio-temporal variability of the environmental conditions and
the multiplicity of spatial–temporal scales at which the processes
take place in some lagoons suggests a greater probability that
the effects of a crisis do not extend simultaneously to the
entire ecosystem (Pérez-Ruzafa et al., 2005a). This functioning
complexity would be related to restrictions on water flows and
organisms imposed by communication channels that preclude
homogeneity and would justify that relatively large lagoons,
with low renewal rates, can maintain efficient homeostatic
mechanisms (Pérez-Ruzafa, 2015).
Some authors have insisted that, in freshwater lakes, the only
method that has proven successful in reducing the eutrophication
is reducing input of phosphorus (Schindler, 2012; Schindler et al.,
2016). Said authors even extend this claim to the coastal and
estuarine ecosystems and insist that there is no documented
case history of reducing nitrogen being successful. In the Mar
Menor, nitrate and phosphorous seemed to alternate as limiting
factors throughout the annual cycle (Pérez-Ruzafa et al., 2005a).
In our long-term study, 53.8% of the samples showed N/P ratios
higher than 16 and 19.8% higher than 100 (Figure 11). In these
conditions, our study shows that decreasing nitrogen discharges
is an effective measure to allow the start of the recovery of the
ecological integrity and water quality of the lagoon ecosystem.
Reducing nutrient inputs could not be enough to reverse
eutrophication if the organic matter accumulated for years in
the sediments can release them continuously, prolonging the
process (Nienhuis, 1992). However, there is evidence that this
release may be scarce or, at least, lower than those required by
biota, depending on lagoon conditions and that the anthropic
discharges that tend to persist in spite of the management
restrictions remain more important than the processes in the
sediment. Orthophosphate may not be available for the primary
producers as it can be absorbed by the carbonate skeletons
and structures of benthic organisms, detritus, and clays (Dodge
et al., 1984; De Jonge and Villerius, 1989; Lenzi et al., 1998),
but P adsorption will decrease in conditions of organic matter
accumulation, low redox potential, and sulfide accumulation in
sediments (Lenzi et al., 1998; McGlathery et al., 2007). In warm
coastal lagoons like the Mar Menor, high temperatures favor
carbonate precipitation, helping to maintain low P concentration
in the water column and retaining it in the sediments. In
fact, during the eutrophication break, a strong proliferation of
F. implexa has taken place occupying large extensions on muddy
and sandy areas. At the same time, while after the dredging
of El Estacio inlet in the early 1970s the quick expansion of
C. prolifera meadows led to a rapid accumulation of organic
matter, anoxia, and hydrogen sulfide production in the sediments
(Pérez-Ruzafa et al., 2012), probably favoring the release of
phosphorus, now, the strong regression of the C. prolifera
meadows after the loss of water transparency in the summer
of 2016 allowed the oxygenation of the surface layer of the
sediments and its colonization by Cyanophyceae and benthic
diatoms facilitating the retention of phosphorus and maintaining
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FIGURE 11 | Distribution of chlorophyll a concentration data against N/P ratio values in the Mar Menor lagoon during the three phases of the eutrophication process
(1997–2018). There is no significant relationship.
the nutrient uptake capacity of the vegetation. To understand
in detail the distinct behavior of different coastal lagoons in
response to management actions to activate oligotrophication,
we need a detailed knowledge of the biogeochemical processes in
the upper layers of the sediment under different environmental,
hydrodynamic, and biological conditions, as well as of the balance
between the nutrient fluxes from sediment to water column and
the nutrient removal by benthic vegetation.
CONCLUSION
Although coastal lagoons are highly productive ecosystems,
and considered simple, naturally stressed and prone to suffer
dystrophic crises, some lagoons such as the Mar Menor are able
to maintain high water quality for decades despite receiving a
high load of nutrients. However, when the pressures are excessive,
the system collapses and loses its equilibrium abruptly, following
the traditional steps of the eutrophication process. This implies
not only the loss of water quality, but the disappearance of
the macrophytes meadows in the deep zones (Havens et al.,
2001). The recovery after an eutrophication process is usually
considered difficult and long, and not directly reversible even
upon nutrient reduction (Duarte et al., 2008, 2013; Duarte, 2009;
Carstensen et al., 2011; McCrackin et al., 2016). However, in
the Mar Menor, after the adoption of measures leading to the
reduction of nutrients input 1 year after the system breaks, the
recovery of equilibria in the ecosystem has been faster than
expected. After less than 2 years the quality of the conditions in
the water column had recovered.
The change from oligotrophic status to the start of
eutrophication process (Prebreak phase) was characterized by
a shift in the planktonic system from assemblages dominated
by small flagellates in winter, and diatoms and dinoflagellates
the rest of the year, to assemblages constituted by large
diatoms present throughout the year, but still maintaining low
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phytoplankton biomass and without any significant increase in
chlorophyll a concentration. The maintenance of good water
quality was due to a top-down control of the trophic web exerted
through the proliferation of jellyfish. During the Break phase,
the water column became dominated by dense populations of
Synechococcus spp., and the depth of visibility in the water
column was reduced from around 6 m to less than 0.5 m, whereby
the compensation depth was above the average depth of the
lagoon (4.5 m), leading to the mortality of the C. prolifera–C.
nodosa mixed meadows located at more than 2 m depth.
Throughout the process of eutrophication and recovery, the
system was alternatively limited by N and P, with a certain
seasonal pattern and with a domain of limitation by phosphorus.
This P limitation is determined by the scarce inputs from the
watershed and the quick consume by the primary producers of
that inputs and of any possible flows from the sediment. Despite
this, the reduction in nitrogen load has been sufficient for the
system to initiate an oligotrophication process.
The low ratio between chlorophyll a and nutrients
concentration, mainly at small spatio-temporal scales, contrasts
with the traditional eutrophication models, and suggests a
rapid response of primary producers to nutrient inputs and
a zooplankton control in the short-term, which in turn is
controlled by the rest of the trophic web components.
Beyond the recovery of nutrient and chlorophyll a levels and
water transparency, the good ecological status must involve the
recovery of the structure of the pelagic and benthic communities.
Although this process is usually slower, a significant recovery of
those communities has also been observed in the Mar Menor and
it is in the process of being studied (Supplementary Figure 1).
The mechanisms that favor homeostatic regulation, resilience,
and rapid recovery involve top-down control of the trophic webs
exerted by ichthyoplankton and jellyfish in the pelagic system
and by the benthic food web. The efficiency of such mechanisms
may be related to some of the characteristics of coastal lagoons.
In the first place, the restricted connectivity between the lagoon
and sea, determined by the inlets, prevents the homogenization
of the system and favors a high hydrodynamic and biological
heterogeneity and a high turnover in species composition, that
in coastal lagoons is highly dependent from colonization rates, at
multiple spatial and temporal scales. Furthermore, the primary
production of the Mar Menor is mainly based on macrophytes
and benthic microphytes, and the trophic network channels
the production to the benthic system that maintains very high
biomass of filter feeders, detritivores, and scavengers. Finally,
excess production is accumulated in the sediment or exported out
of the system through exploitation by water birds, and through
migratory species, which are the main targets of fishing activity.
All this favors that the nutrients, both those coming from external
sources and from the biogeochemical cycles in the sediment,
are quickly captured by the benthic macrophytes and the
microphytobenthos, avoiding the proliferation of phytoplankton.
In addition, any growth of phytoplankton based on any surplus
is controlled by the pelagic trophic web and by the benthic filter
feeders, thus maintaining low levels of nutrients and chlorophyll.
The need to detect changes in the trophic status of the
ecosystem and, above all, to anticipate them, requires indicators
that are sensitive both to gradual changes and breakpoints
of equilibria. Although the assessment of the good ecological
status of coastal lagoons in the context of the EU WFD also
includes indicators of the structure of the communities, these
tend to manifest themselves when the deterioration has already
occurred. In this sense, the indicators of the water column and
the pelagic system can be more agile and sensitive to detect
changes and anticipate consequences. However, although the
TRIX index shows some sensitivity to the trophic and water
quality changes, its current score does not allow to anticipate or
alert the eutrophication risk and the trophic breakpoint of the
system. Therefore, it would be necessary to find other indicators
that allow performing this function. Furthermore, to conclude
about reversion ecological status of coastal lagoon ecosystems, it
is advisable to use more than one bioindicator, covering different
hierarchic levels of organization and benthic and pelagic systems
as they can be complementary and important to understand the
eutrophication and oligotrophication processes.
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FIGURE S1 | Aspect of some benthic communities found in the bottoms of Mar
Menor in summer and autumn of 2018, at the end of the Recovery phase. (a)
Cymodocea nodosa meadows highly epiphyted. (b) Caulerpa prolifera meadow
on mixed substrata with Alsidium corallinum and Chondrophycus tenerrimus. (c)
Mixed meadow of C. prolifera and C. nodosa on sand. (d) Dense meadows of the
algae Dasycladus vermicularis recently appeared in the Mar Menor during the
Recovery phase after the regression of the C. prolifera meadows. (e) Low
epiphyted C. nodosa meadows on sand. (e) Monospecific C. prolifera meadow
colonizing infralittoral rock. (f) Monospecific C. prolifera meadow with colonies of
Zoobotrion verticillatum. (g) Facies of Acetabularia calyculus on infralittoral sand,
pebbles, and gravel. (i–q) Sciaphilic communities with sponges, cnidarians,
polychaetes, bryozoans, and ascidians on protected shallow infralittoral rock,
poorly illuminated under the pillars of piers.
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